• Increasing both heating rate and peak temperature led to more reactive RDF chars.
moisture and ash contents are 16.85% and 2.27%, respectively. The complete characterization 1 results for TPOMW samples are available in a previous publication [13] . to study the effect of two factors: peak temperature (400-600 °C) and linear heating rate (5-40 °C 7 min -1 ). Three replicates at the center point (22.5 °C min -1 and 500 °C) were performed to 8 simultaneously estimate the experimental error and the overall curvature effect [32, 33] . Table 2   9 shows the matrix of the experimental design. The initial sample weight was 250 mg, a relatively 10 large amount compared to the most commonly used initial sample masses (1-4 mg), which are 11 preferred to avoid serious systematic errors in the measurement of the sample temperature in a
12
TGA device [16] . However, using small sample sizes can also lead to other potential problems,
13
such as the inability to asses a representative sample and the possibility to magnify surface 14 phenomena at the expense of intra-bed controlling processes [34] .
15
Additional pyrolysis tests at peak temperatures of 400 and 600 °C were conducted in a fixed- surface area (S ext ), whereas the micropore surface area (S mic ) was calculated as the difference 7 between S BET and S ext [35] . The average pore diameter (d avg ) was calculated from V t and S BET .
8
In addition, the pore size distribution of meso-and macropores was determined using a 9 mercury intrusion porosimetry (MIP) analyzer (AutoPore IV 9500 from Micromeritics, USA). For 10 each sample, a cycle of mercury intrusion and extrusion in a pressure range from 0.00351 to 414
11
MPa was performed, which covered a pore size range from 3 nm to 360 µm. The total meso-and 12 macropore surface area (S tot ) was calculated assuming the Washburn's model [36] .
13
The obtained chars were also characterized by proximate, elemental and XRF analyses 14 according to the same procedures described in Sec. 2.1. 
Char combustion

16
Combustion tests were conducted for each char (using the same TGA device described above)
17
at a constant heating rate of 10 °C min -1 , a final temperature of 800 °C and an initial sample mass Differential thermogravimetric curves for the vertex points (runs 2, 3, 4 and 6) are displayed 1 together in Fig. 2 . With the aim to make consistent comparisons among runs plotted in Fig. 2 2 (conducted at different heating rates), values on the y-axis correspond to the time derivative of the 3 ash-free normalized sample mass (m af ) multiplied by β -1 ; m af was calculated as follows:
where m t is the sample mass, m 0 is the initial sample mass, and x ash is the mass fraction of ash in 6 the raw material.
7
From Fig. 2 it can be observed that two peaks appeared for runs conducted at a peak increase in the thermal driving force coupled to a higher catalytic activity of the AAEM species.
20
Simultaneously, a fraction of these volatiles may undergo exothermic secondary charring reactions 21 at lower temperatures leading to important changes in thermal profiles. curvature term is found to be significant (i.e., p-value < 0.05), the linear regression model is not 22 fine enough and a second-order regression model with pure quadratic terms is probably required.
22
23
Results of the statistical analyses are summarized in Table 4 .
24
As can be seen from when a cake of safflower seed was pyrolyzed at peak temperatures of 400 and 600 °C. The author 20 attributes this result to mass transfer limitations at higher heating rates (i.e., the time for the 21 release of volatiles is shorter and it may lead to an accumulation of volatiles between and within 22 the particles). However, as previously discussed for the thermogravimetric curve given in Fig. 2 , 23 an increase in heating rate could lead to a faster release of volatiles, due to a higher driving force 24 coupled to a higher catalytic activity of the AAEM species. Thus, the caused increase in 25 devolatilization rate at lower temperatures could facilitate the release of volatiles during the course 1 of the process.
2
As expected, due to the high ash content of the RDF samples and the relatively low pyrolysis 3 temperature, the surface area values listed in Table 3 (i.e., lower y char ) at the higher heating rate is not accompanied by a proportional increase in the 8 fixed-carbon content of produced chars.
9
As can also be deduced from the results displayed in Fig. 3 , the addition of 10% RDF to
10
TPMOW feedstock led to a certain increase in the BET specific surface area of resultant chars.
11
This increase was more pronounced when pyrolysis of TPOMW was conducted at 40 °C min -1 12 until 600 °C. This finding could be explained by the role played by the AAEM species contained 13 in the RDF material. At any heating rate, the AAEM species catalyze the volatile production from 14 the primary pyrolysis reactions. However, at higher heating rates, the residence time of the 15 pyrolysis vapors inside the biomass particle and through the bed is reduced, leading to less time 16 for catalyzed secondary reactions to take place (the product of which is a less porous char similar to that used in the present study).
24
Concerning the molar H:C and O:C ratios of produced chars as well as their correlation (or lack presents the Pearson's correlation matrix for these variables. It is interesting to highlight that both the mass loss due to volatiles release (the content of which in the char is strongly dependent on the 22 pyrolysis peak temperature) is not considered as part of the char reactivity towards oxygen. where m air,f is the final normalized mass (i.e., measured value at the final temperature of 800 °C).
5
From both graphs it is clear that reactivity strongly depends on pyrolysis conditions. reactivity of sewage sludge-derived chars, which also had high ash contents and relatively low 23 specific surface areas in comparison with biomass-based low-ash activated carbons. Thus, increasing heating rate and, to a lesser extent, peak temperature during pyrolysis can lead to a 1 better distribution of the active sites within the ash matrix. highlighted that the majority of the volatilization of K and Na occurs between 600 °C and 700 °C
16
(at temperatures higher than that used in the present study). On the other hand, the high content of
17
Ca in the RDF (see Table 1 ) suggests that this cation could play a dominant catalytic role during 
Conclusions
22
Based on the results of the present study, the following conclusions can be drawn:
23
(1) Pyrolysis of the RDF used here is greatly affected by peak temperature and heating rate.
24
The found effect of peak temperature on char and fixed-carbon yields as well as on measured properties is in agreement with previous studies. However, the effect of heating rate, especially on 1 the release rate of volatiles, could be related to a change in the pyrolysis reactions scheme. Further 2 studies are needed to clarify this point.
3
(2) The addition of 10% RDF to TPMOW feedstock prior to slow pyrolysis leads to an 4 apparent increase in the carbonization efficiency. This finding motivates further studies to evaluate 5 the co-pyrolysis of this type of RDF and biomass feedstocks as a way to simultaneously manage 6 the waste and increase the production yield of biomass-based chars.
7
(3) The RDF-derived chars obtained at the highest heating rate (40 °C min -1 ) have a higher 8 reactivity towards oxygen than those produced at 5 °C min -1 . In addition, increasing the peak 9 temperature also has a positive effect on char reactivity. This result can indicate that the carbon 10 present in the RDF-derived char is dispersed within an ash matrix containing a high number of 11 active sites, the distribution of which is improved when the heating rate (and, to a lesser extent, the 12 peak temperature) is increased. Energy Fuels. 14 (2000) 1280-1285. [31] R.B. Silva, S. Martins-Dias, C. Arnal, M.U. Alzueta, M. Costa, Pyrolysis and Char 
